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The high penetration power of x-rays has long been valued for non-invasive imaging of microns-to-centimeter thick biological samples in their entirety [1, 2] . The short wavelength of x-rays, combined with the ability to detect trace elements or minute density variations, further enables imaging of unlabeled specimens beyond the resolution of optical microscopy [3, 4] . As we progress towards nanometer scale resolution, structural damage due to ionizing radiation becomes the major limiting factor with biological specimens [5] . By dispensing with low-efficiency x-ray optics, x-ray diffraction microscopy (XDM) delivers an efficient radiation dose and offers high-resolution imaging capabilities by allowing an achievable resolution up to the maximum scattering angle of a sample [6] . These advantages in combination with cryoprotection open a door for XDM to deliver 5 to 10 nm resolution imaging of thick specimens in their unmodified "wet" conditions [7, 8] , thus presenting a new capability in life science.
XDM computationally recovers the lost phase information in the x-ray diffraction pattern of a sample by means of an iterative phasing algorithm [9, 10] . Fourier inversion of such a phased diffraction pattern produces an image of a sample in x-ray absorption or phase contrast (or both). With the high coherent x-ray flux available at modern synchrotron sources, the method has rapidly developed [11] [12] [13] [14] [15] [16] [17] [18] since the first feasibility demonstration with a test object [19] . While the imaging of radiation-hardy samples, such as nanocrystals, has steadily expanded [13] [14] [15] , early work in cellular imaging had been limited to stained or dried specimens [11, 12, 16] . The need to image hydrated specimens under conditions close to their living states is apparent, however wet specimens are inevitably subject to radiation damage in high-resolution imaging; hence, they require cryoprotection [20, 21] . Ongoing efforts have resulted in the demonstration of cryo XDM in imaging frozen-hydrated bacteria and yeast [22, 23] . Yet poor imaging performance due to the low-phasing convergence of x-ray diffraction from frozen-hydrated specimens has continued to be a major challenge.
This limitation needs to be overcome in order to advance cryo XDM for wide applications in biological imaging and to reach the expected 5 to 10 nm resolutions.
In this paper, we demonstrate high-convergence imaging of cryo XDM across multiple image reconstructions of frozen-hydrated bacteria by utilizing high-pressure cryopreservation. In the first application of high-pressure cryopreservation to whole cellular imaging in cryo-XDM, we demonstrate cryofixing D. radiodurans bacteria at a pressure of 200 MPa into ∼ 10-µ-thick water layers. A comparison study of cryo XDM using high-pressure 2 and ambient-pressure cryofixed D. radiodurans was carried out to find the possible causes of the phasing difficulties with frozen-hydrated specimens. The results showed enhanced phasing convergence with high-pressure-cryofixed specimens and their reconstructions revealed unstained, hydrated cellular environments at sub-30 nm resolution in two dimensions. Although there is a general notion that the weak x-ray diffraction from unstained frozen-hydrated biological specimens might be accountable for earlier phasing difficulties, our results show otherwise. The observed correlation between local ice conditions and phasing convergence suggests that high-background ice scattering may be responsible for poor convergence in frozen-hydrated imaging. into an ice matrix further mitigates radiation damage artifacts such as mass loss [20] . Since water is the major constituent of a living organism, inadequate cooling with the formation of rigid crystalline ice can distort or destroy fine cellular structures or alter natural physiologic states. Ideally, one seeks to convert water into amorphous ice, which is controlled by the speed at which a sample is arrested into an ice matrix. When the cooling rate is slower than the critical rate at a given pressure, crystalline ice nucleation and propagation tend to prevail over the production of amorphous ice essential for preserving biological structures [24] . Figure 1 (A) depicts two cryopreservation processes at different pressures. At ambient pressure (0.1 MPa), cryopreservation requires a cooling rate greater than 10 6 K per second to form amorphous ice in pure water [24] . Although biological samples contain a certain amount of natural cryoprotectants, it can be difficult to obtain the required high cooling rate in the interior of thick samples due to limited heat conduction. During high-pressure cryopreservation at around 200 MPa, the expansion of the ice volume is suppressed and water may remain, down to −90
• C, in a supercooled liquid state [25] . These changes in the physical properties of water reduce the critical cooling rate to 10 4 K per second, so that thick samples such as tissue sections can be cryopreserved with a reduced risk of crystalline ice formation [26] .
To date, cryo XDM has utilized conventional ambient-pressure cryopreservation which has shown low phasing convergence and few imaging results [22, 23] . It has even been questioned whether unstained biological specimens in a natural water contrast may be intrinsically too weak to produce high signal-to-noise ratio diffraction patterns for successful imaging.
Several factors, including parasitic scattering from beamline optics, partial coherence of xrays, or crystalline ice contamination during measurements, contribute to the poor quality of diffraction patterns. One factor to consider, the initial ice condition, is often ruled out when the desirable amorphous ice state is confirmed by wide-angle x-ray scattering, as shown in the figure 1A insets. Although these measurements show amorphous ice on average, local ice conditions near the sample region cannot be determined by wide-angle x-ray scattering.
This presents uncertainty in cryo XDM performance as discussed below.
While XDM bypasses the limitations of physical optics, it requires oversampling diffraction data for a successful phase retrieval [6, 19] . This necessitates an isolated sample or spatially confined illumination and, in practice, either condition is difficult to obtain with frozen-hydrated specimens. Insufficient cryopreservation can induce ice imperfections in the close vicinity of specimens. These imperfections, which are structurally distinct from the homogenous amorphous ice, act as additional scatterers and can violate the isolated sample condition. Additionally, the illumination provided by coherent x-ray probes at modern synchrotron facilities is typically larger than the specimen size of a few microns. In our experiments, the probe beam is ∼ 15 µ in size. Under these conditions, both cellular structures and the ice imperfections present within the illuminating area contribute to the diffraction pattern. However, since these signals are added coherently they cannot be subtracted reliably from each other, resulting in a reduced signal-to-noise ratio and a lower oversampling ratio in the diffraction data.
We carried out a comparison study of two methods of cryopreservation to probe the phasing dependance on local ice conditions. For the first time in cryo XDM, we applied high-pressure cryopreservation and compared it with conventional ambient-pressure cryopreservation in terms of local ice conditions and cryo XDM imaging performance. Coherent diffraction measurements from the cryofixed bacteria were carried out at the ID10C beamline of the European Synchrotron Radiation Facility utilizing a cryogenic-gas sample environment in air and the beamline setup described previously [22] . A 10-µ pinhole, We investigated the local ice conditions near the sample regions by small-angle x-ray scattering (SAXS), using a coherent x-ray beam of ∼ 15 µ in size at the sample plane. Figure 2A shows the power spectral density measured from 4 ice layers, that yielded the diffraction patterns in figure 1B , each an average of 10 random sampling points per layer, respectively. The ambient-pressure ice layers (ii-iv) yielded higher x-ray scattering signals in the low spatial frequencies (SF) up to ∼ 1 SF, compared to the ice layers (i) from highpressure cryopreservation. This indicates the ambient-pressure ice layers have less spatial uniformity with an increased number of scattering elements larger than 0.5 µ. We deduce that these large scattering elements originate from ice crystals; however it is experimentally challenging to measure crystalline ice rings in-situ due to the limited coherent x-ray flux.
Direct visualization of these ice layers was made by scanning and registering into pixels the total measured x-ray scattering intensity. From the scan images in figure 2B , a high-pressure case (i) shows improved spatial uniformity of the ice over an area of several hundred microns, which is in agreement with the SAXS data.
Reconstruction comparison was carried out between high-pressure and ambient-pressure cryofixed bacteria in terms of support estimation and final reconstruction images obtained.
XDM reconstruction relies on the information of Fourier magnitude of the sample and a support of a spatial boundary, which, in this case, is the cell boundary. These two constraints are imposed iteratively until the lost phase information in a diffraction pattern is retrieved [9, 10] . While x-ray diffraction measurements provide the Fourier magnitude of a sample directly, determining a sample support can be challenging without prior information, such as low-resolution optical images of a sample or symmetry information. This has been the main difficulty with frozen-hydrated specimens. Without a priori information, the sample support needs to be determined from the diffraction data alone by obtaining reproducible reconstructions of similar supports [13, 30] . To provide a quantitative measure on a support estimation process between different bacteria specimens, we introduce image Reproducibility, R, by calculating the averaged rate of image occurrence defined as,
where N is the number of Shrinkwrap phase retrievals [30] , an image set is a group of similar reconstructions obtained, and S is the total number of such image sets. The Reproducibility defined here has a value of 1 when all phase seeds produce similar reconstructions, is equal to or less than 0.5 when half of the images are similar depending on S, and is 0 when none of the reconstructions are reproducible. We used 40 to 50 phase seeds (N=40-50) per diffraction data set and similar reconstructions were visually selected based on their similarity of cell boundary. From high-pressure-cryofixed samples, Reproducibility values of 0.2, 0.9, and 0.9 were obtained respectively, while 4 ambient-pressure-cryofixed samples yielded 0 for three samples and 0.9 for one. A support estimation was feasible, with a Reproducibility of 0.2 and above, from the average of similar reconstructions by defining a spatial boundary at threshold intensity of 10 to 15% of the maximum pixel value.
For the final high-resolution images of the high-pressure cryofixed specimens, 30 reconstruction trials were carried out based on the supports calculated from reproducible images, using Difference map with β = 0.8 or 1, and γ1 = 1/β, γ2 = 1/β as phasing parameters [10] . Figure 3 Ambient-pressure cryopreservation, using plunge-freezing into liquid ethane as in the current work, is routinely practiced in cryo electron microscopy of thin samples, mostly up to 0.5-µ thickness [32] . Our study shows that the conventional plunge-freezing of microns-thick bacteria samples at ambient pressure yielded coherent x-ray diffraction data with low phasing convergence.
Scattering elements, such as ice crystals of varying size, randomly distributed outside of In addition, the high-pressure cryopreservation of whole cells in the current work does not 8 require cryo-sectioning for x-ray imaging of microns-to-tens-of-micron thick specimens. The demonstrated high-convergence imaging of cryo XDM utilizing high-pressure cryopreservation may overcome current limitations in resolution and applicable sample thickness. This is promising towards applications requiring high resolution imaging of relatively thick biological samples.
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